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ABSTRACT 

Context. Systems of shells and polar rings in early-type galaxies are considered "bona 
fide" tracers of mass accretion and/or mergers. Their high frequency in low density 
environments suggests that these processes could drive the evolution of at least a 
fraction of the early-type galaxy population. 

Aims. We investigate the star formation histories of this type of galaxies. Their UV 
emission is important for testing whether these galaxies host ongoing or recent star 
formation and how this formation varies across the galaxy. 

Methods. We used far- and near- ultraviolet, optical, near-infrared images, neutral 
hydrogen HI maps, and line-strength indices to investigate the nuclear and outer regions 
of these galaxies as well as the regions where fine structures are present. 
Results. The GALEX Near UV (NUV) and Far UV (FUV) images of MCG-05-07-001 
and NGC 1210 show complex tidal tails and debris structures. The far UV morphology 
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of both galaxies appears so different from the optical morphology that the early-type 
classification may not apply. In both GALEX bands, the polar ring of MCG-05-07-001 
is the dominant feature, whereas an extended tidal tail dominates the FUV bands of 
NGC 1210. In MCG-05-07-001 and NGC 1210, there is a strong correlation between 
structures detected in the FUV and NUV bands and in HI. In contrast, NGC 5329 
does not show evidence of shells in the GALEX bands. We try to constrain the age 
of the accretion episode or merger that produced to the shells and polar rings with 
the aid of composite stellar populations that take the presence of dust into account. 
The presence of HI in both MCG-05-07-001 and NGC 1210 argues in favour of wet 
mergers. Models suggest the presence of very young stellar populations in MCG-05-07- 
001: the observations could be explained in the framework of a conspicuous burst of 
star formation that occurred <1 Gyr ago and involved a large fraction of the galaxy 
mass. Our models suggest that also the nuclei of NGC 1210 and NGC 5329 could have 
been rejuvenated by an accretion episode about 2-4 Gyr ago. 
Conclusions. 

Key words. Ultraviolet; galaxies - Galaxies: elliptical, lenticular, CD - Galaxies: indi- 
vidual: MCG-05-07-001, NGC 1210, NGC 5329 - Galaxies: evolution 



1. Introduction 



Both early-type galaxies hosting polar rings and those showing /ine structure, such as shells, 
are considered the site of (sometimes major) mass accretion events. In the hierarchical 
evolutionary scenario they play a special role: namely to fill the gap between ongoing 
mergers and the quiescent elliptical galaxies. 

Polar ring galaxies (PRGs) are peculiar objects consisting of a central spheroidal com- 
ponent, the host galaxy (HG), s urrounded by an outer ring (PR), made up of gas, stars, and 
dust, that the central galaxy (jWhitmore et al.lll990l ). PRGs are quite rare: they amount 
to only 0.5% of early- type galaxies in the Local Universe. Being quite difficult to detect. 



Whit more et al. 



(|l99ClD estimated that 4.5% of the nearby lenticular galaxy population have 
polar rings. They also suggested that the fraction of galaxies that possessed a polar ring at 
some point in their history could be higher. Indeed, some galaxies may have lost their polar 
ring because the stability of the polar struc ture depends also on the impact parameters 



Katz & Rix 


1992 


Christodoulou et al. 


1992) 



19921 ). Until some years ago, the most credited for- 



mation scenari os for PRGs were either gas a c cretion by infall or the merger o f two gas-rich 



disk galaxies (IThakar k, Ryden 



Bournaud fc Combes 



2003 : 



1996 



1998 



Bournaud et al 



Reshetnikov k, Sotnikova 



1997 



Bekki 



1998 



20051 ). In the accretion scenario, the accreted 



material will form a ring th at settles into one of the pr incipal planes of the gravitational 
potential of the host galaxy (jBournaud fc Combesll2003r ) . The merger of two unequal-mass 
disk galaxies is another way of forming a PRG: the "intruder" , on a polar orbit with re- 
spect to the "victims" disk, passes close to its center, decelerating and pulling itself back 
toward the victim by strong dissipation caused by the interaction with the "victim" gaseous 
disk. The morphology of the merger remnants depends on the merging initial orbital pa- 
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Table 1. Relevant photometric, structural, and kinematic properties of MCG-05-07-001, 
NGC 1210, and NGC 5329 





MCG-05-07-001 


NGC 1210 


NGC5329 


Ref. 


Other identifications 


ESQ 415 G26 


ESQ 480- G 031 


WBL 472-001 






AM 0226-320 


AM 0304-255 






Morphological Type 


SO-pec 


(R')SB(rs)- pec 


E 


[1] 


Mean Hel. Sys. Vel. [km s"^] 


4604±14 


3878±7 


7109±31 


[1] 


Adopted distance [Mpc] 


61.4 


51.7 


94.8 






14.70±0.13 


13.46±0.19 


13.37±0.15 


fll 


Galaxy structure: 










Average ellipticity 


0.65 


0.59 


0.48 


[2] 


P.A. [deg] main body 


22 


117.7 




[2] 


P.A. (ring) [deg] 


94.2 






[3] 


HI total mass [M©] 


5.6 X lO'' 






[4] 


H2 total mass [M©] 


2.4 X lO'^ 






[5] 


Kinematic parameters 










Vel.disp. (To stars [km s~^] 


127±3 


219±27[6] 


262±22 


[2] 


Max. rotation Wmax star [km s^^] 


145±12 


>129[6] 




[2] 



References: [1] NED ht tp: //nedwww. ipac . caltech. edu/| [21 HYPERLEDA 



Ihttp: //leda.univ-lyonl . f r/[ [31 


van Gorkom et al. ( 1987 


); [41 


Schiminovich et al. 


(1997 


);[5] 




Galletta et al. 


(1997 


); [6] 


Longhetti et al. 


( 1998b 


)• 



rame ter and the initial mass ratio of the two galaxies (jBekki 



1998 : 



Bournaud fc Combes 



20031 ). Theoretical studies found that an alternative way of producing a PRC is by means 
of external gas accretion from the cosmic web filaments with in clined angular momentum 



( Dave et al 



2001 



Semelin fc Combes 



2005 



Maccio et al 



20061) . By using high-resolution 



cosmological simulations of galaxy formation in the standard CDM scenario, it has been 
shown that angular momentum misalignment duri ng hierarchical str ucture formation can 



200a) 



lead to the formation of a high inclined ring/disk (jBrook et al 

Among fine structures, shells are faint, sharp-edged stellar features (jMalin fc Carter 

1983 ) character i zing a significant fraction 16.5%) of the field early-type galaxies 



( Schweizer 



1993 : 



Reduzzi et al 



1996 : 



Colbert et al 



2001 ). Different scenarios for their ori- 



gin emerge from the rich ha rvest of simulations performed since their discovery in the early 



80's: from major mergers (jBarnes 



1992 



Hernguist fc Spergel 



1992 



Hernguist fc Mihos 



19951), to accretion between 1 



DuDraz fc Combes 


1986; 


Hernguist fc Quinn 


1987blla 



action events (jThomson fc Wright 



1990; 



Thomson 



and to even weaker inter- 



19911 ). A few models invoke internal 



mechanisms for shell for mation such us gas ejection powered by either th e central AGN 



Fabian et al. 


1980 


Williams fc Christiansen 


1985) 
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tion model, shells are density waves formed by the infall of stars from a companion. The 
accretion/merger mechanisms qualitatively reproduce the basic characteris tics, such as spa- 
tial distribution, frequency, and shape of observed shell sy stems (see e.g 



2000 


Pierfederici & Ramoazzo 


2004 


Sikkema et al. 


2007 



Wilkinson et al 



20071 and references therein) . The in- 



ner mechanisms cannot correlate the shell formation with the environment, whereas the 
accretion/merger models can explain w hy shells are predominantly found in low density 
environments (see 



Mahn fc Carter 



19831 ). Low-density environments can indeed favour the 



occurence of merger/accretion events, because the group velocity dispersion is of the order 



of the internal velocity of the member galaxies (jAarseth fc Fall 



1980; 



Barnes 



1985 : 



Merritt 



19851) . 



Observations in the past two decades have proven that a significant fraction of early- type 
galaxies contain gas in the ionized, atomic, and molecular phases. The stu dy of the cold and 



warm gas phases provides new insight into the evolution of shell galaxies. iRampazzo et al 



(|2003( ) found that the warm ionized (Ha) gas and stars often appear dynamically de- 
coupled indicative of ex ternal acquisition of the gas, as predicted by me rger mechanisms 
( Weil fc Hernauistlll993[) . In the shell galaxy IC 4200. lserra et al.l pOOTl ) showed that the 
ionized gas is decoupled from stars and its rotation might be a continuation of the HI 
velocity field. In contrast, in other shell galaxies, e.g., NGC 2865, a clear association be- 
tween the cold (HI/CO) gas and the kinematics of stars is ev i dent, which appears to be 



inconsistent with the mer ger picture (jSchiminovich et al 



1994 



1995 



Charmandaris et al 



200C; 



Balcells et al 



20011) . 



The pioneering study of lSchweizer fc Seitzeri (119921 ) showed that, on average, field early- 
type galaxies with fine structures are significantly younger {'^ 4.6 Gyr) than those without 
(~ 8 Gyr). The presence of fresh gas could lead to "rejuvenations" of the stellar pop- 
ulations, which may be used to estimate the time and duration of the polar ring and 
shell phenomena. The star formation history of shell early-type galaxies was analysed by 



Longhetti et al 



( 20001 ) using line-strength indices. They showed that shell-galaxies have a 
wide range of ages inferred from the H/3 versus MgFe plane, which implies that recent and 
old interaction/acquisition events are equally probable. If shells formed at the same time as 
the "rejuvenating" event took place, shells ought to be long-lasting pheno mena. Combining 
GALEX far UV data and line-strength indices, iRampazzo et al.l (|2007l ) showed that the 
peculiar position of some shell galaxies in the (FUV-NUV) versus H/3 plane could be ex- 
plained m_terms_of a recent (1-2 Gyr old) rejuvenation episode. Based on the line-strength 
( 20071 ) suggest that the origin of IC 4200, a Hl-rich shell galaxy, was a 



indices, 



Serra et al 



major merger event that occurred 1-3 Gyr ago. 

In this framework, we investigate the ability of GALEX (FUV-NUV) colours to expand 
our view of stellar populations in galaxies that are sites of accretion/merger events such us 
the polar ring and shell galaxies. More specifically, for ring galaxies we estimate the age of 
the ring from the mix of stellar populations therein, while for shell galaxies we attempt to 
gain information about the "rejuvenation" process. 

We present a study of shell galaxies that completes our Cycle 1 set of GALEX observa- 
tions (ID=GIl-059). The UV observations include the polar ring galaxy MCG-05-07-001 
and NGC 1210. We also include NGC 5329, which is in the list of galaxies with shells in the 
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survey of iMalin fc Carteii (jl983t ). These authors do not provide a description of the sheU 
system, in contrast to most other cases in the catalogue, but note that NGC 5329 is located 
in a group (~ 10 galaxies) environ ment similar to that of both NGC 286 5 and NGC 5018 



studie d bv lRampazzo et al.l (|2007l ). This paper extends the UV study by iRampazzo et al 



(12007). For this purpose, (1) we double the sample size of shell galaxies; (2) we consider 
shell galaxies with cold gas at their centre, enlarging the range of physical properties in- 
vestigated; (3) we use detailed chemo-spectro-photometric models to study the colours 
of MCG-05-07-001 derived from the observations that extend from the far UV to near 
infrared. 

The plan of the paper is as follows. Section [2] presents the sample and summarizes 
the current literature on the subject. Section [3] presents the observations. The main results 
of the observations are presented in Sect. [4] An attempt to interpret the results with 
particular emphasis on the UV colours and their significance is given in Sect. O Finally, 
our conclusions are summarized in Sect. [6] We assume that Ho=75 km/s/Mpc throughout 
the paper. 



2. The sample 



Table [T] presents the main physical properties of our sample. 

MCG-05-07-001, also known as ESQ 415-G26, is a peculiar SO galaxy 
lodice et al ] l2002bl) . It is characterized by a polar ring less extended 



( Whitmore et al.lll987 : 



than the central host galaxy in the optical band. Debris is present in the galaxy outskirts 
at a positi on angle that is interme diate between the major axis of the host galaxy and the 
polar ring. 



Whitmore et al 



(jl987T ) reported observations of a "nice set of ripples and an 
extended asymmetric envelope" . In attempting to date the accretion event responsible for 
the formation of the ring, the y estimated an age of 1- 3 Gy r. The HI map of this object 



was ob tained with the VLA by 



van Gorkom et al 



( 19871) . and 



van Gorkom fc Schiminovich 



(|l997r ) noticed that the neutral hydrogen lies along the major axis of the polar ring, with 
some correlation between HI a nd outer shells. Based on the regularity of the HI distribu- 
( 19871 ) tried to estimate the age of the event generating the ring. 



tion. 



van Gorkom et al 



In brief, they argued that the timescale for evenly distributing HI in an orbital plane must 
be proportional to the orbital time multiplied by the ratio of the circular velocity to the 
typical random velocity. Since this last factor is typically of the order of 10, whereas the 
ratio of the Hubble time to the orbital time is more typically 100, they suggest that the 
polar ring in MCG-05-07-001 is the result of a relatively recent event. Optical data tend to 
support the timesscales derived from the HI. In particular, the stellar debris in the vicinity 
of MCG-05-07-001, may be indicative of an age younger than a few orbital times. 

NGC 1210 is classified as a peculiar and barred SO. Its near-infrared luminosity pro- 
file agrees with the Sersic law with 0.28±0.01< l/n <0.24±0.03, i.e ., is consistent wit h 



the canonical l/n=0.25 corresponding to the de Vaucouleurs law (IBrown et al 



2003)^ 



Longhetti et al 



The ga laxy kinematics and the line-strength indices were measured by 
( 1998allbl l. The high velocity rotati on (see Table [D suppor ts the idea that the galaxy is a 

( 1998br ) is unfortunately not corrected 



true SO. The H/3 value provided by 



Longhetti et al. 
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for emission infilling, although there is ionized g as ([O il]) in the galaxy center, as shown in 



their Table 1. The analysis by 



Longhetti et al 



( 19991 ) of the so-called "blue line-strength" 



indices (e.g., CaII[H+K] lines and A40 00) suggests that the gala xy has a very young nu- 



cleus. NGC 1210 was observed in HI by 
a ring that includes the galaxy center. 



Schiminovich et al 



POOII ). The HI emission forms 



NGC 5329 is a bright elliptical galaxy and the dominant mem ber of a poor cluste r of 



galaxies, WBL 472, consisting of si x companion galaxies a ccording to 
contrast, both NGC 12 1 (see e.g 



White et al 



Malin k. Carter 



galaxies. 



Brocca et al 



(Il999h . In 

19831) and MCG-05-07-001 are isolated 



(|l997n found that the nearest companion of MCG-05-07-001, is 
PCG 9331, which is located at wl7' (302 kpc) from the galaxy with a velocity difference 
of «51 km s^^, well beyond five times the diameter of the galaxy (6.1'), a distance they 
consider as the limit for isolation. 

To summarize, the galaxies in the present sample might plausibly represent different 
aspects of a common phenomenon, i.e., an accretion event. In the following paragraphs, we 
emphasize t he similarities and diffe rences between these objects and those observed with 
GALEX bv lRampazzo et al.l ^ME)- 

MCG-05-07-001 and NGC 1210 have a rich reservoir of HI in their main body (see 
Table [J), in contrast to that found for NGC 2 865, NGC 5018, and NGC 7135, the sheU 
galaxies investigated bv iRampazzo et al.l (|2007( ). where HI is mostly detected outside the 
main body of the galax ies. HI is also fo u nd in other late-type members of the group, and 

( 20071 ) did not detect HI in the direction of the 



in the tidal structures 
NGC 5329 group. 



Theureau et al 



In the sample of IRampazzo et al.l (120071) . no galaxy displays Type 1 shells, i.e., systems 



Prieur 



199o[ for definitions and statistics). NGC 2865 and 



of aligned shells (see e.g., 
NGC 5018 have "all-round" shell systems that are known as Type 2; 7 shells are detected in 
NGC 2865 an d 10 in NGC 5018. While the type of sheU system of NGC 5329 is unknown, 



Prieurj (|l990l ) classifies the shell system of NGC 1210 as Type 2, and finds 11 shells, 



containing about 1.5-2% of the total luminosity of the galaxy. Type 2 she lls are rather 
corrunon as about 30% of shell galaxies show this structure (jPrieuii Il990l ). NGC 7135 
( Rampazzo et al.ll2007 ) has a Type 3 system of shells since they are neither aligned (Type 1) 



Whitmore et al 



nor "a ll-round" systems (Type 2). Following the description and images in 
(19871), (see their Fig. 7 panels c and d), MCG-05-07-001 should also be considered as 
having Type 3 shells. Indeed, shells are seen in the northeast at 63" and 88", and possibly 
in the West at 52". The major axis of the faintest material is misaligned at about 36 degrees 
with respect to the major axis of the SO component. 

In addition to the shells, M CG-05-07-001 presents a polar ring. In their Fig. 2 (mid 
panel) ■ IRampazzo et al.l (|2007| ) showed that the fine structure of NGC 2865 does not solely 
consist of shells but also a tidal structure (reminiscent of a ring) that crosses the entire 
galaxy in the east-west direction, nearly perpendicularly to the major axis of the galaxy and 
to the shell system. It is unclear whether this feature is connected to the forma tion of the 
shells. In the case of the polar ring in MCG-05-07-001, 



Whitmore et al 



( 19871 ) suggested 

that during the merger, the stellar component of the accreted companion is dispersed into 
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Table 2. Journal of the GALEX observations 



Went. NUV FUV Observing P.I. 

[sec] [sec] Date 

MCG-05-07-001 1510 1531 2005-11-03 D. Bettoni 

NGC 1210 1558 1608 2005-11-04 D. Bettoni 

NGC 5329 3869 2666 2004-06-09 MIS 



the halo, whereas the gas clouds experience collisions and quickly settle onto a new disk or 
ring. 

In this context, the analysis of the UV colours and the line-strength indices of NGC 2865 
and NGC 7135 suggest that they both had recent bursts of stellar activity in their centers, 
possibly as a consequence of the interaction/accretion episode that triggered the shell 
formation. MCG-05-07-001 and NGC 1210 probably experienced a major accretion event. 
To cast light on these issues and in particular on the age of the merger event, with the 
aid of the GALEX FUV and NUV data, the optical line-strength indices, the near-infrared 
observations, and theoretical simulations of spectral energy distributions, magnitudes, and 
colours, we try to evaluate when in the galaxy history the wet accretion (i.e., gas rich) events 
took place. These estimates will be compared with timescales provided by morphological 
and kinematical considerations given in the literature to investigate the possible connection 
between rejuvenation episodes and the formation of the shell/rings. 



3. Observations 



The UV data were obtained with GALEX (see 



Martin et al. 



2005 



Morrissev et al. 



2005 



20071) , a 50 cm diameter modified Richey-Chretien telescope with a very wide field of view 
(1.2 degrees) and a high image spatial resolution «4'.'5 and 6'.'0 FWHM in FUV (1350 - 
1750 A) and NUV (1750 - 2750 A) respectively, sampled with l'.'5xl'.'5 pixels. 

NGC 1210 and MCG-05-07-001 were observed during dedicated runs assigned to our 
team, whereas the data of NGC 5329 were taken from the GALEX archive (Medium 
Imaging Survey: MIS). The observing logs for each galaxy, including exposure times, are 
provided in Table [H The full resolution images in the NUV and FUV bands are shown in 

Fig.m 

To the GALEX data, we add the B- and K-band photometric data from 



lodice et al 



( 2002bl ) for MCG-05-07-001 and the analysis of the Sloan Digital Sky Survey (SDSS) 
archival data in the u [2980-4130 A], g [3630 -5830 A], r [5380-7230 A], i [6430-8630 A], and 
z [7730-11230 A] bands for NGC 5329 (e.g.. 



Stoughton et al 



2003). 



CCD images of NGC 1210 in the Gunn r band [6000-8500 A; central wavelength 6733 A] 
were taken from the European Southern Observatory, (ESQ) Public Archive (prog: 68. B- 
0023). They were obtained with EMMI at ESO-NTT telescope with the red filter R # 773. 
The detector used for the observations consisted of two MIT/LL CCDs. The average seeing 
had a FWHMwO'.'84±0'.'03 for the Gunn r. Three exposures with this filter were available 
with an integration time of 200s. The raw frames were preprocessed using the standard 
IRAF tasks for debiasing and flat-fielding. The flat-field was performed using a normalized 
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Table 3. Summary of the GALEX photometric data 



MCG-05-07-001 NGC 1210 NGC 5329 



NUV r 1 
r" [arcsecj 


19 


17 


12 


FUV r 1 
r J [arcsecj 


19 


5 


5 


m^°uv(1530A) 


19.78±0.07 


19.46±0.08 


20.20±0.04 


m5^^i^(2310A) 


18.67±0.07 


17.41±0.04 


18.20±0.02 


(FUV-NUV)*"' 


l.llzbO.lO 


2.05±0.09 


2.02±0.05 



sky flat. Each CCD was reduced independently: the images were dithered and shifted to 
obtain a complete image of the galaxy and its surroundings. After applying debiasing and 
flat-fielding, the frames of each CCD were combined to filter out spurious contamination 
by cosmic rays. 



4. Morphology and photometry 

4.1. Galaxy morphology 

To enhance the S /N in the galaxy outskirts and b ring out any possible faint structures in the 

Ebeling et al.l (|2006l ) . The only parameter 



UV emission, we follow the procedure outlined by 
required by ASMOOTH is the desired minimal S/N, Tmin- For each individual pixel, the 
algorithm increases the smoothing scale until the S /N within the kernel reaches a specified 
value. Thus, while the noise is suppressed very efhciently, the signal (locally significant 
at the selected S/N level and carrying information about the underlying physical cause) 
is preserved on all scales. In particular, this method allows us to detect weak, extended 
structural features falling in noise-dominated regions (see Figs. [U [31 01 and [5]). 

MCG-05-07-001. The morphology of this galaxy changes from UV to NIR: the bulk 
of the NUV and FUV emission is concentrated in the polar ring (see Fig. [2] top panels) 
and the nucleus of the galaxy. The main body of the galaxy is visible in B- and K-images 
(Fig.[5]bottom panels) but is hardly detectable in the NUV and FUV bands. In the B-band, 
both the central spheroid and ring contribute to the light and are clearly detectable; only 
the central spheroid contributes to the emission in the K-band; finally, the ou ter ring does 
not co ntribute significantly to the K-band thus becoming invisible (see also 



lodice et al 



2002al) . After applying ASMOOTH procedure to the NUV image, a large system of debris 



appears. We draw attention to the features northeast and northwest of the galaxy nucleus 
at a distance of about 1' which lie at a pproximately the same distance and along the 



direction of the shell features detected by 



Whitmore et al 



(|l987l ) (see their Fig. 7, panels 



c and d). An arc- like feature is also visible at «30" from the center towards the southwest 
direction in both the NUV and FUV images (in the latter, the f e ature is much weaker). 
The same can also be seen in panels b of Fig. 7 in IWhitmore et al.l (jl987l ) . We performed a 
2D model of the B-light distribution in the central spheroid using GALFIT and by masking 
the outer regions of the polar ring and foreground stars. The best-fit model implies that 
the central obje ct is a SO ga l axy wi th an exponential bulge. This result is consistent with 



that derived by 



lodice et al 



(|2002al ) using NIR images (J, H, K). Subtracting the best-fit 



model from the B-image, the residuals are shown in Fig. [5] (middle panel): most of the 
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polar ring structure (on the southeast and northwest sides) is very clearly distinctive. On 
the southwest side, the polar ring passes in front of the galaxy, thus the residuals show 
both the absorption by the dust (lighter regions) and the emission by the stars in the ring 
(darker regions). On the northeast side, where the ring passes behind the galaxy, only the 
excess of light from the stars in the ring is visible. Furthermore, the residual image detects 
an additional feature that encircles the entire galaxy and corresponds to regions where the 
model is brighter than the galaxy: this structure is also present in the NIR residuals (see 
Fig.l in lodice et al. 2002b), where it has the same morphology but is much fainter, and 
in the NIR colour maps, where it appears bluer with respect to the inner regions of the 
galaxy (see Fig. 4 in lodice et al. 2002b). This "cross-check" with the NIR images suggests 
that this feature could be real and not the result of an artifact of the fitting: it may indeed 
be an additional lens-like component. 

NGC 1210. As for the previous galaxy, the NUV and FUV images (Fig.[3]top panels) 
show a different structure compared to that inferred from the EMMI/NTT R-band image 
(Fig. [3] left bottom panel). In the NUV and FUV passbands, the galaxy appears to consist 
of a nucleus, from which a long tidal tail departs toward the north direction, and a diffuse 
cloud of debris towards the south. Along this tail, several knots with a luminosity similar 
to that of the nucleus are visible. In the R band, the galaxy exhibits a system of shells, that 
are more extended than the galaxy body. A faint, edge-on structure, perpendicular to the 
major axis of the galaxy, is visible in the inner part of the galaxy (see the left bottom panel 
of Fig. [5]). Using GALFIT, we performed a 2D model fit to the galaxy light distribution in 
the R band. Figure [3] (middle bottom panel) shows the model-subtracted image, revealing 
a complex fine structure composed of shells, edge-on structures p erpendicular to the m ain 



galaxy body, and dust (as often found in shell galaxies) (see e.g.. ISikkema et al.ll2007^ ■ 

The west edges of the two inner shells are labeled 1 and 2. Shell 1 is barely visible in 
the NUV image. The FUV image has two main features: (i) shell 2 is more luminous than 
shell 1 and (ii) there is a long tail of stars and gaseous material, which seems to be part of 
the same spiral-like structure extending towards the northeast. This suggests that shell 2 
may have a different nature from shell 1. 

In Fig.H we show the H I distribution of MC G-05 -07-001 (top panel) and N GC 1210 



(bottom panel) measured by ISchiminovichI (j200l[ ) and lSchiminovich et al.l (|200lh . respec- 
tively. These are overlaid onto the corresponding FUV images. For MCG-05-07-001 , the 
HI distribution is elongated in the direction of the polar ring. Furthermore, for both MCG- 
05-07-001 and NGC 1210 the HI distribution coincides with the system of debris visible in 
NUV and FUV emission. In particular, in NGC 1210 the HI emission forms a ring, which 
the tidal tail (detected by the GALEX ¥\]V observations), belongs to. 

NGC 5329. The NUV emission in NGC 5329 (Fig. [3 top panel) has an extension- 
similar to that of the optical image (Fig. [5l bottom panel), whereas the FUV emission is 
concentrated in the central part of the galaxy (Fig.[5l middle panel). No peculiar structures, 
including shells, are detected in our optical image. 

To summarize, NGC 5329 has the morphology of an elliptical galaxy in the NUV bands. 
In the same bands, NGC 1210 shows a long tail, which is more clearly detected in the FUV 
band. In MCG-05-07-001 , the polar ring dominates both the NUV and FUV emission. 
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whereas the nucleus can hardly be seen in these bands. A strong correlation exists be- 
tween both the FUV and NUV emission and the HI distribution in MCG-05-07-001 and 
NGC 1210. 



4.2. Light and colour distribution 



The surface photometry of these galaxies is based on the background-subtracted GALEX 
i mages and is calcula ted with the IRAF-STSDAS-ELLIPSE routine and the GALFIT package 
of iPeng et al.l (j2002l ). The surface photometry profiles are derived from ELLIP SE, which 
considers the Fourier expansion of each successive isophote (|Jedrzeiewskilll987l) . Figure [5] 
shows the surface brightness and colour profiles of our galaxies. Furthermore, magnitudes, 
associated photometric errors, and colours, are derived from the original unsmoothed data 
in the GALEX AB m agnitude system. The zeropoints of AB magnitudes are taken from 
Morrissev et al.l pOOTf) . 



The disturbed morphologies of MCG-05-07-001 and NGC 1210 render the analysis of 
the surface brightness profiles more difficult than usual, especially in the UV. The NUV 
and FUV luminosity profiles map the nucleus and the ring of MCG-05-07-001 (Fig. [51 top 
panel) and the bulge of NGC 1210 (Fig.[6l mid panel), respectively. In both cases, a strong 
variation characterizes the profile of the (FUV-NUV) colour. The regular morphology of 
NGC 5329 has a smooth luminosity profile that follows the de Vaucouleurs r^/** law. 



The (FUV - NUV) colour maps, not shown in this paper, indicate that the nuclei of all 
the galaxies are red, with (FUV - NUV)~1-1.5 or even redder, probably because of dust 
absorption. In contrast, the knots in the polar ring of MCG-05-07-001 (Fig. [2]) and in the 
northern tail of NGC 1210 (Fig.O are blue, (FUV - NUV«0), which is indicative of a young 
component in the mix of the stellar populations. Table [3] summarizes the photometric data 
in the far UV and the structural properties of the three galaxies. 



The B and K luminosity profiles of MCG-05-07-001 are much more extended than the 
UV light profiles, since this light is produced by the entire body of the galaxy. Figure [7] 
compares the B, K, and far-UV light profiles along the major axis of the main body of 
the galaxy, i.e., P. A. =22°. Colour gradients are visible not only in direction of the ring 
(P.A.=94°) but in general from the centre to the periphery of the galaxy, since the nucleus 
is always redder than the outskirts. 



The UV and optical colour profiles of NGC 5329 (Fig.[S]bottom panel) are quite regular. 
Except for FUV-NUV, the nucleus is bluer in the other colour profiles than the galaxy 
outskirts. Given (NUV-r)=5.6±0.02 and Mr = -22.05, NGC 5329 is located on the red 
sequence of the (NUV-r) versus Mr colour-magnitude diagram of 
their Fig. 1). 



Salim et al 



( 20071) (see 
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5.1. How recent are the accretion events? 
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The UV colours are particularly suited to detecting very young stellar populations in- 
side interacting galaxies (see e.g., 



Hibbard et al 



20051 ). However, some issues, need to be 



discussed when dealing with UV colours. 

Firstly, the possibility of high-metallicity, old stars (age > 10 Gyr and metallicity Z ~ 
3Z0) being present in early-type galaxies, even in small amounts, and could affect the 
(FUV-NUV) colours. Indeed, the evolved stars in metal-rich populations (extremely hot-HB 
and AGB-ma nque stars) are wide ly accepted sources of the UV excess in quiescent early- 
type galaxies (jBressan et al.lll994l ). Therefore, all models designed to reproduce the (FUV- 
NUV) colours should consider that these high-metallicity stars are present, in particular 
when folding together young and old stellar populations. If some recent star formation 
activity adds young stars to a dominant older stellar population making the UV colour 
blue, one should, before drawing any conclusion about the young stellar component, correct 
the UV colours for the contribution of very old stars, which will not be negligible. 

Secondly, our galaxy sample could exhibit strong morphological peculiarities such as 
polar rings and shells, customarily attributed to recent accretion^mer^ i ng episodes that 
could have induced some star formation (see e.g., 



Longhetti et al. 



200c ; 



Rampazzo et al 



20071) . It is then natural to believe that their stellar populations should span a range of 



ages, i.e., young stars could be present and thus contribute, in different proportions, to 
both the NUV and FUV fluxes. 

Additionally in star-forming regions, the UV-optical stellar fluxes are strongly obscured 
by dust. The radiati on in the UV -optical range is absorbed, and the effect is stronger at 
shorter wavelengths (jDrainell2003r ). and re-emitted at longer wavelengths in the MIR/FIR. 
Therefore, dust can strongly affect the observed UV/optical magnitudes and colours and al- 
ter the shape of the SED. Modelling galaxies with star- forming regions requires an accurate 
treatment of dust, because of the combined extinction/emission effects. 

Finally, the comparison of data with theory is made assuming that the complex stellar 
mix of a real galaxy can be reduced to a SSP of suitable metallicity and age. However, 
this approximation has different implications for the two parameters. While the metallicity 
distribution can be "reasonably" approximated to the mean value, the sa me does not hold 
for th e age, when this value is derived from integrated properties (see e.g.. 



Serra fc Trager 



20071) . In the discussion below, one has to keep in mind that the age that we are measuring 



from colours (and/ or indices) is always biased by the last episode of star formation. In 
other words, it is a mean luminosity-weighted age, in which the most recent star-forming 
episode dominates at least during the flrst 2 — 3 Gyr from its occurrence. This is simply 
because of the rather well established law of luminosity fading of stellar populations, which 
ultimately mirrors the lifetime and evolutionary rate of a star as a function of its mass. 
So the ages derived adopting theoretical models represent lower limits to the age of the 
star- forming event (by accretion or whatever). 

With the above points in mind, we apply the population synthesis technique to interpret 
our observational data and infer the secular evolution of our galaxies. 
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In the present study, onl y NGC 1210 has measu red values of Mg2 (0.248±0.016) and H/3 



(1.44) line-strength indices (jLonghetti et al 



20001 ). The broad-band colours estimated for 



NGC 1210 are (FUV-NUV)=2.09±0.40, (FUV-V)==7.38±0.28, and (NUV-V)=4.43±0.73. 

In the case of MCG-05-07-001 and NGC 5329, we must adopt a different strategy based 
on the modelling of UV GALEX, optical, and NIR colours measured in suitable apertures. 
For MCG-05-07-001 , we computed magnitudes within three apertures, of re/4 radius, 
located on the galaxy nucleus and north and south of the galaxy nucleus along the major 
axis (P.A. 22°). We further compute the magnitude within two apertures (of re/2 radius) on 
both sides, east and west, of the ring (P.A. 94°). The magnitudes calculated with different 
apertures for MCG-05-07-001 are given in Table H 

Since NGC 5329 does not show peculiar features in its FUV images and its emission 
mainly originates in its central region, we calculated magnitudes centered on the nucleus 
within an aperture of 14" diameter, to match the 2MASS measurements and therefore 
extend the data-set from FUV to NIR. 

Furthermore, along the tidal tail of NGC 1210 there are knots as blue as (FUV- 
NUV)«0.2, but no obvious counterparts are visible in the optical frame (see Fig.[3]). Table[5] 
presents the magnitudes and colours of the knots, whereas Fig. [3] (bottom right panel) dis- 
plays their position. We checked, using stellar catalogues, that no known stars contaminate 
the knots. 

To interpret the properties of NGC 1210, we adopt the same photometric tool (stellar 
models and isochrones, library of stellar spectra, and the ABmag photometric system) 
th at has been used to ca lculate theoretical GALEX FUV and NUV magnitudes for SSPs 
in lRampazzo et al.l (120071 ). We are aware that while the Lick line-strength indices (definited 
to be the ratio of a central bandpass and two pseudo-continuum bandpasses on either side 
of the central band, all bandpasses being a few tens of A) are basically insensitive to dust 
attenuation, which could affect the broad-band colours. The effect on ages estimated from 
(FUV-NUV) and (UV-V) colours, is discussed in the next paragraphs. 

We first derive the age and metallicity dependence of the line-strength indices and ultra- 
violet colours and apply it to NGC 1210. Specifically, we study (i) the relationship between 
Mg2 and both (FUV-V) and (NUV-V) colours (see Fig. [5]) and (ii) the diagnostic plane 
H/3 vs (FUV-NUV) colour, for the particular case of a 10 Gyr old galaxy that experienced 
a recent burst of a star formation (see Fig. [5]). Looking at the position of NGC 1210 in 
the two diagnostic planes of Fig. [51 the stellar content of this galaxy is compatible with 
a young age of about 2-4 Gyr and a mean metallicity in the range 0.04 < Z < 0.07. The 
idea that the whole stellar content of NGC 1210 can be as young as 2-4 Gyr is perhaps too 
extreme. So it is worth exploring another possibility: the bulk of the stellar content of the 
galaxy is old but it suffered a recent burst of star activity and the age we infer is essen- 
tially that of the young component. This is the motivation for the experiment shown in the 
diagnostic plane H/3 versus (FUV-NUV) of Fig. [5] in which we combine an old population 
with a young one and follow the temporal evolution of the composite system. Examining 
Fig. [5] in some detail, the position of the 10 Gyr old model galaxy is shown by the empty 
star in the top left corner. The past evolutionary path of the old object is indicated by a 
solid line along which the arrow labelled "age" is drawn. If a burst of activity is assumed 



Marino et al.: GALEX UV of MCG-05-07-001, NGC 1210, and NGC 5329 
Table 4. Magnitudes of the selected circular regions on MCG-05-07-001 



13 



band HGc HGiv HGs PRis PRw 



FUV 


22.50±0.15 


25.32 


24.41 


21.55 


22.40 


NUV 


21.07±0.06 


23.17 


22.30 


21.24 


21.61 


B 


15.09±0.02 


17.64 


17.57 


17.56 


17.75 


J 


13.63±0.03 


16.49 


16.34 


16.28 


16.36 


H 


13.30±0.03 


16.32 


16.32 


16.76 


17.10 


K 


13.13±0.02 


16.18 


16.25 


16.77 


17.06 



Note: the radius of the circular regions PRb (East) and PRvk (West) is re/2 whereas the radius 
of HGc (center), HGjv (North), HGs (South) on the galaxy body is re/4, re being the galaxy 
effective radius. The typical errors are provided in col. 1. 

Table 5. Magnitudes of the knots along the tail of NGC 1210 



region 


FUV 


NUV 


(FUV-NUV) 


a 


22.64±0.17 


21.36±0.07 


1.28±0.18 


b 


22.75±0.17 


21.57±0.07 


1.18±0.19 


c 


21.92±0.15 


21.58±0.07 


0.35±0.16 


d 


20.92±0.12 


20.69±0.06 


0.22±0.13 


e 


21.96±0.15 


20.75±0.06 


1.21±0.16 


f 


21.86±0.14 


20.18±0.06 


1.68±0.15 


g 


21.44±0.13 


19.64±0.05 


1.80±0.14 



The position of the knots along the tail in NGC 1210 is shown in Fig. |3] (bottom right panel). 



to occur, the path followed by the model galaxy is a sort of loop from the 10 Gyr position 
back to a new position very close to it after a certain time of the order of about 3 Gyr. 
The path is clockwise. The various curves correspond to different choices for the mean 
metallicity and relative amount of mass engaged in the novel stellar activity as indicated 
in the insert. Once more, the position of NGC 1210 is compatible with a young age that 
we now interpret as probably being caused by burst of star formation of a certain intensity, 
even if the possibility that the entire stellar content is really young cannot be excluded. 
NGC 1210 indeed lies close to the fading line of the prototype SSP at an age of about 4 
Gyr. 

To conclude, the positions of the nucleus of NGC 1210 in the planes Mg2-(FUV-V), 
Mg2-(NUV-V), and H/3-(FUV-NUV) (Figs. [5] and O suggest that it hosts a young stella r 
population, which probably formed during the accretion episode. In lLonghetti et al.l (j2000l ). 
the value of H/3 was not corrected for emission. The correction for the presence of an 
emission component within the absorption line would move the H/3 toward higher values, 
i.e., towards a position similar to that of NGC 2865 suggesting the contribution of a young 
(< 2 Gyr old) stellar population. 

The above estimate of age (and metallicity) of the young stellar component does not 
take the presence of dust into account; while the line-strength indices are not expected to 
change significantly in the presence of dust, the same does not apply to the broad band 
colours. Therefore, to properly analyse the effe ct of the dust attenua tion on the age we need 
to use the library of SSP-SEDs calculated by 



Piovan et al 



(2006a) in which the effects of 
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dust are taken into account. It is worth recalling here that there are at least three main 
circumstances in which dust influences the stellar light: (i) for a certain fraction of their 
life very young stars are embedded in the parental molecular clouds (MCs). Even if the 
duration of this obscured period is short, because SNe explosions and stellar- wind energy 
injection sweep away the gas soon after the onset of star formation, its effect on the light 
emitted by these young stars cannot be neglected. Excluding old ellipticals, in which star 
formation stopped at relatively early epochs, for all morphological t ypes the impact of 
young dusty populations on the galaxy SEP has t o be considered (see 



Piovan et al. 


2006a; 


Siebenmorgen & KriiEel 


2007 



Takagi et al 



2003 



20071 for more details about young SEDs). 



(ii) Low- and intermediate-mass stars in the asymptotic giant branch (AGB) phase may 
form an outer dust-rich shell of material obscuring and reprocessing the radiation emitted 
by the star underneath (see 



Bressan et al 



1998 : 



Piovan et al 



2003 



Marigo et al 



2008 



for the relation between dusty shells around AGB stars and SSPs).(iii) Finally, becauseof 
the contribution of metal-rich material by supernovae and stellar winds, the ISM acquires 
over the years a dust-rich diffuse componeiit capable of absorbing/r e-emitting radiation (see 

for models of extinction 



Weingartner fc Drain^OOla : 



Draine fc Lill2001 



Li fc Drain^[2001 



and emi ssion of a dus t y ISM) 



The 



Piovan et al 



(|2006aD library of SSPs takes into account the effect of dust by 
parental MCs and AGB stars [items (i) and (ii) above] . It has been successfully employed 
to reproduce the SEDs of the active central regions of star-forming galaxies from the UV to 
the far-IR by varying some basic parameters. The parameter space of the library includes: 
metallicity Z and age Tssp of the SSP, and a number of dust-related parameters, namely 
the optical depth Ty in the T^-band, the abundance of carbon in the small carbonaceou s 
grains be (jWeingartner fc Draind l2001a), the scaling parameter R (jTakagi et al.ll2003l) . 



and the ionization state of PAHs ( Weingartner fc Draine 



2001b[) . Since R, be, and the 



ionization state affect the SED mostly at middle and far-IR wavelengths where we have 
no data available for our sample of galaxies, the only parameter of interest is Ty. This is 
chosen to correspon d to the case of highly obscured, star- forming regions, i.e., ry = 35 



( Piovan et al 



2006ar ). The effects of both dust from self-contamination, parental molecular 



clouds in which stars are born, and stellar winds extend from very young ages to ages of 
about 1 Gyr. Of course, these SSPs maystill be embedded in a diffuse interstellar compo- 
nent, which has to be treated separately, but at le ast for the selfobscuration 1 Gyr is a 
safe upper limit to its age (see Piovan et al. 2006ai b. for a detailed explanation). With 



this new library, we (a) study the effect of dust extinction on the colours, at least in the 
age range 10 Myr to 1 Gyr and (b) study the effect of a burst of star formation (by dusty 
using SSPs) superimposed on an old dust-free SSP. 

In Fig.[lOl we show the evolution of the colours (FUV-V), (FUV-NUV), and (H - K) 
for both classical and dusty-SSPs as a function of different metallicities. The shaded bands 
indicate the observed colours of MCG-05-07-001 , NGC 1210 and NGC 5329. 

The attenuation of the UV colours produced by dust introduces an uncertainty in the 
age that depends on the metallicity. For (FUV-NUV) and (FUV-V), the error is as large 
as '^0.15 Gyr and '^0.5 Gyr for a typical metallicity at Z=0.008 (arrows in the bottom and 
top panels of Fig. fTU]) . respectively. In the mid panel of Fig. [TOl we show the colour (H- 
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K) for classical and dusty SSPs as a function of the age and metallicity as indicated. The 
shaded band in the same panel show the (H-K) colour measured for NGC 1210, NGC 5329, 
and MCG-05-07-001 . To reproduce the NIR colours of the three sub-regions centered on 
the northern, central, and southern regions of the host galaxy MCG-05-07-001 and of the 
two regions centered on the western and eastern regions of the ring. Figure [TUl shows that 
we have to introduce a significant amount of dust in the SSPs. We conclude that the age 
estimation of galaxies in the (FUV-NUV)-H/3 (Fig.lHl) as well as in the Mg2-(FUV-V) plane 
is certainly influenced by dust attenuation, the estimated age uncertainty is any a fraction 
of a Gyr (or smaller given that we consider high extinction). 

In Fig.HH we compare the GALEX (FUV-NUV) and (J-K„) colours of NGC 1210 and 
NGC 5329 with those predicted by dust-free SSPs. No recent burst of star formation is 
considered at this stage of the analysis. The theoretical loci of constant age and or metal- 
licity are shown as indicated. According to mid panel in Fig. 1101 the dust should introduce 
an age uncertainty (small) in the (FUV-NUV) colour and a large effect in the {J-K)2mass 
colour. Since in Fig. 1111 the age follows a trend nearly perpendicular to {3-K)2mass ^^xis 
we suggest that this should translate into a large uncertainty in the galaxy metallicity 
rather than the age. Looking at the colours measured in the selected regions centered on 
the NGC 5329 and NGC 1210 nuclei, we may conclude that these galaxies probably experi- 
enced a recent (^2-4 Gyr) rejuvenation of its stellar population. Although NGC 5329 seems 
to be a very relaxed elliptical in the far UV frames, the estimated luminosity weighted age 
of the nucleus, inferred from the data, suggests the presence of a young component in its 
stellar population. 

For MCG-05-07-001. Ilodice et al.l (j2002ar ). near-infrared analysis infer the presence of 
a very young (< 1 Gyr) stellar population (sec their Figs. 2 and 3). 

In Fig. [T^ we analyse the effect of a secondary burst of star formation on the colour 
evolution. We use both dust-free and dusty SSPs to simulate old and recent stellar compo- 
nents. We consider two cases of star-formation bursts. The first case (left panels) involves 
30% of the stellar population in the recent burst, and the other (right panel) involves 70 
% of the total in the burst. Since the bursting activity is accompanied by dust, the two 
cases represent two different situations as far as the total amount of dust is concerned. 
Furthermore, the second case can be considered as an upper limit in which most of the 
stellar activity occurs very recently. The shaded areas represent the observed colours of 
NGC 1210, NGC 5329, MCG-05-07-001 host galaxy (HGs), and polar ring (PRs). The 
following remarks can be made: 

(1) The observed (H - K) infrared colours can be reached by superimposing a burst 
of star formation. The NIR colours of both NGC 1210 and NGC 5329 probably can be 
produced by a weaker burst. The longer the period of activity or the stronger the burst, 
the longer will be the period during which the colours match the observed data. Since 
the colours of the underlying passive population are almost invariable, the effect of the 
burst does not depend on the burst onset time. Finally, there are no significant differences 
between the three metallicities. 

(2) The GALEX (FUV - NUV) colour during the burst strongly depends on the metal- 
licity. The higher the metallicity, the earlier the (FUV - NUV) colour becomes close to 
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the values given by the shaded regions of the passive evolution after a steep initial rise. 
Therefore, we can set an upper limit to the age at which the burst began, both for the HG 
and the PR regions. For the highest metallicity, the recent episode of star formation should 
have began some < 2 — 3Gyr ago (see the top panel of Fig. [T^ . For solar and sub-solar 
metallicities, the possible age of the secondary stellar activity is older (see the mid and 
bottom panels of Fig. [T^). With these models, including the effects of dust, we interpret 
the UV, optical, and NIR colours of several selected regions of MCG-05-07-001 (see Table 

n. 

To strengthen the above results, we consider the colour-colour relationships. In Fig. [T51 
we compare the theoretical two-colour plane GALEX (FUV - NUV) and (H - Kcaspir) 
with the observational data for five selected regions of MCG-05-07-001. Two of them are 
centered on the eastern and western regions of the MCG-05-07-001 ring (PRvf and PRb), 
whereas the remaining three are located on the northern, central, and southern regions of 
the host galaxy (HGat, HGc, HGs). 

We plot the path of a recent burst of star formation (0.5 Gyr old) of different metallicity 
Z=0.008, 0.019, and 0.04 and different intensity, namely corresponding to star formation 
within 30% (bottom panel) and 70% (top panel) of the galaxy mass. The SSP in use for 
the burst are those with dust by self-contamination. The first choice for the burst intensity 
is based on the measured ratio of H2 / (i?2 + HI) that could roughly indicate the amount 
of gas used up in star formation if stars are most likely to form in cold molecular clouds. 
With the second choice, we invert the percentages between dusty and dust-free SSPs and 
the composite population now involves a large fraction, 70%, of young obscured stars. 
This latter choice represents a sort of upper limit where most of the stars are young and 
obscured. 

As already found in Fig. I12[ there are many possible ways of combining populations of 
different age, metallicity, and total mass. The particular cases shown in Fig. [T3] refer to a 
metal-rich, relatively young stellar component to which a burst is added. The colour-colour 
diagram of Fig. [T3] represents an extension in Fig. [T^l different percentages of dusty SSPs 
are needed to reproduce the observed colours of PRs and HGs. In general, a burst makes 
colours redder in agreement with the observations. To conclude, we note that even the 
colour-colour diagnostic cannot unequivocally determine the age of the underlying stellar 
population: Figs. [T^ and 1131 clear Iv show that similar effects are produced by superposing 
a burst on an old metal-poor or a young metal-rich population. This is the well-known 
age-metallicity degeneracy, which cannot be broken in the colour-colour plane GALEX 
(FUV - NUV) and (H - Kcaspir)- The only conclusion that we can draw is that a strong 
contribution by a young obscured population seems to be needed to reproduce the red 
colours, but not much can be said about the underlying population on which the burst is 
superimposed. 

5.2. A detailed dusty EPS model for MCG-05-07-001 

The use of both dust-free and dusty SSPs (or SEDs), roughly mimicking a mixture of old 
(dust-free) and young (dust embedded) stellar populations in active galaxies, has provided 



Marino et al.: GALEX UV of MCG-05-07-001, NGC 1210, and NGC 5329 



17 



general clues about the age and intensity of the recent burst of star formation. However, a 
galaxy is a complex object, whose star formation history cannot be reduced simply to the 
sum of two SSPs. For this reason, we extend the complexity of our analysis by using realistic 
evolutionary population synthesis (EPS) models of galaxies and apply this technique to 
interpret the data of MCG-05-07-001. For the aims of the present study, the EPS must 
include the contribution of dust to the extinction in the UV-optical range. Unfortunately, 
no data are available in the MIR/FIR range for MCG-05-07-001: these would help us to 
firmly constrain the dust content of the galaxy, the SED, and finally the star- formation 
history (SFH) of this galaxy. 

The EPS models in use here are based on a robust model of chemical evolution that 
takes into account both dusty and dust- free SSPs, and include a realistic description of the 



geometrical shape o f a galaxy in which stars and dust are distributed (jSilva et al 



1998 



Piovan et al 



2006 a ). The chemical model includes prescriptions for the infall of primordial 



gas, the initial mass function (IMF), the star- formation rate (SFR), and the stellar ejecta 
and provides the tot al amounts of gas a nd stars present at any age together with their 
chemical history (see 



Tantalo et al 



19961 for more details). The chemical model provides 



the enrichment law Z{t), the SFH, and the gas content to be supplied to the EPS model 
(with dust). 

The model that we adopt to analyse MCG-05-07-001 takes into account the three 
different components of the dust: (i) the diffuse interstellar medium (ISM) composed of 
gas and dust, (ii) the star- forming regions such as the large complexes of MC s and, finally. 



Piovan et al 



(iii) sta rs of any age and chemical composition. The library of dusty SEDs of 
( 2006ar ). described in Sect. 15.11 is used to model young star-forming regions, whereas the 
dust-free SSPs are included for the stars already free from the parental MCs. 

The dust description for the diffuse ISM is included accordi ng to the widely used 
silicate s-graphite- PAH paradigm. The propert ies of dust follow Weingartner k, Draine 



(|2001af ) for the distribution of the grains, and iLi &: Draind 1 200 if ) for the optical prop- 
erties. To describe the evolu tion of the extinction curve w ith metallicity we use the se- 
quence of models proposed bv lWeingartner fc Draind (|2001a[ ) that are able to reproduce the 
SMC/LMC/MW properties. Indeed, SMC, LMC and MW represent a sequence of models of 
increasing metallicity, which together with the different co mposition pattern is the origin of 
their peculiar average extinction law (jCalzetti et al.lll994[ ). For the MW metallicity in par- 
ticular, we adopted i?„ — 3.1 for the diffuse ISM and Ry = 5.5 for young dusty MCs. Also, 
eventualy for Z>Zq, the dust-to-gas ratio scales linearly according to 5 — 5q{Z/Zq but 
for the same abundance pattern as th e MW. The emission properties of graphite, s i licates . 



and PAHs are computed accor d ing tolPuget et al 



(1985) 



Guhathakurta fc Draine (1988 k 



Weingartner fc Draind (|2001b[ ): iDraine fc Lil (|200ll ): lLi fc Draind (|200l[) (see 



Piovan et al 



2006alla . for a more detailed explanation). 



The extinction in our model therefore works in two phases: (i) young stars are attenu- 
ated by the parental MC until the cloud is removed by SN explosions and stellar winds from 
high-mas s stars: (ii) all the stars of any age an d metallicity are attenuated by the diffuse 
ISM (see 
schemes) 



Silva et al. 



1998; 



Chariot fc Fall 



200d . , for other examples of similar attenuation 
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Finally, to calculate the outgoing radiation we need to describe the interplay between 
stars and ISM in producing up the total SED. To this aim, it is necessary to know how the 
stars and ISM are distributed across a galaxy. The total mass of the gas and stars provided 
by the chemical model are then distributed over the entire galaxy volume by means of 
suitable density profiles that depend on the galaxy type (spheroidal, disc, and disc plus 
bulge). To calculate the total SED, the galaxy model is divided into volume elements each 
of which is, at the same time, a source of radiation from the inner compone nts inside and 
the ab sorber /emitter of radiation from and to all other volume elements (see 
2006al[b . for more details). 



Piovan et al 



We adapt the above model to reproduce features of MCG-05-07-001, which has a total 
mass Mtot ^1.3x lO^'^Af0. From Table [1] we know that the total mass of gas {Mgas) is 
~ 8x 1O^M0, assuming that Mgas — Mhi + Mh2- The gas and total mass are taken as basic 



const raints on the chemical model best suited to represent MCG-05-07-001 (jTantalo et al 



19961) . which is imposed to match the ratio Mgas /Mtot ~ 0.6. 



The key properties of this model are listed in the top part of Table El whereas the bottom 



Piovan et al.ll2006b 



part lists the key parameters adopted to simulate the effect of dust (see 
for all details). Although MCG-05-07-001 has a complex geometrical structure, for the 
purposes of a qualitative analy sis, and to distribute gas (dust) and stars across the galaxy, 
we can adopt the King profile (jPiovan et al.ll2006br ). Furthermore, the relative proportion 
of gas in the diffuse ISM and cold MCs given in Table [T] is implied by the observational 
data, as for the galaxy radius. This is derived from the observational da ta and set to be 
equal to two times the effective radius re, and is about 7.8 kpc according to lWhitmore et al 



(|l987f ). The MC evaporation time is chosen according to the average lifetime of the most 
massive stars, on the notion that this is roughly the timescale required by stars to expel 
their parental cloud. 

For the three selected areas across the galaxy for which we have measurements of the 
flux (magnitudes) in six different photometric bands from the far UV to the near IR (FUV, 
NUV, B, J, H, Kn), we compare the observational magnitudes with the theoretical counter- 
parts derived from the chemo-spectro-photometric models of the galaxy presented above. 
To this aim, an important quantity to know is the fraction of galaxy mass encompassed by 
the aperture in usage. To estimate the mass, we calculate how much galaxy light falls within 
the aperture located at the two sides of the ring and the main body of the galaxy, which is 
approximated to be an oblate disk. We then calculate the amount of stella r light integrated 
along the linc-of-sight using the formalism developed bv iGallettal (|l984l ). In brief, we as- 
sume: 1) an oblate disk with intrinsic axial ratio 0.25; 2) an exponential intrinsic density 
profile, with the same effective radius of the MCG-05-07-001 luminosity profile (19"); 3) a 
constant M/L ratio across the galaxy; 4) a total galaxy extension of 2.35'; 5) that the whole 
galaxy can be described by a model made of 100 shells with same intrinsic flattening. From 
the apparent axial ratio of 0.35, we calculate the inclination of the linc-of-sight with respect 
to the galaxy plane, which amounts to 75.4°. The circular apertures are approximated by 
summing up 13 line-of-sights, each of which are 1x1 pixel in area (1.5 x 1.5 "in our case). 
A correction has been added to the integrated values, to take into account the difference 
between the area covered by the 13 pixels and that of a perfect circle. The final result 
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Table 6. Relevant properties of the adopted chemical and dusty model for the simulated 
galaxy 



The basic chemical model 



Total Mass of Galaxy Mtot 


1.30 X 10^° M© 


Total Mass of Gas Mgas 


7.82 X 10^ M© 


Total Mass of Stars Mtot 


5.06 X 10^ M© 


Fraction of Gas Mgas /Mtot 


0.6 


Metallicity Z 


0.0178 


Time of Galactic Wind" 


1.09 Gyr 


The associated EPS model with dust 


Total Radius 


15 Kpc 



Fraction of Molecular Gas Mmoi/Mgas 0.3 
Evaporation Time of MCs** 30 Myr 

" Duration of the SFH; 

^ Time scale needed to evaporate the 

MC in which a new generation of stars 

is embedded. 



indicates that the aperture pointed toward the main body contains 3% of its total mass 
(excluding the ring), whereas the apertures pointed toward the wings each include 0.7% of 
the total mass. This result is not influenced by the assumption about the disk flattening, 
as the galaxy is seen nearly edge-on. The data plotted in Fig. [14] are scaled by taking into 
account these percentages. 

As far as the corresponding theoretical magnitudes are concerned, we estimate the 
flux falling into each aperture in the following way. We start from the definition of ABmag, 
properly rescale for the expected flux in the aperture, and finally calculate the luminosity in 
the passband to be compared with the observational data. The theoretical and observational 
results are compared in Fig. I14[ where the theoretical luminosities (in magnitude scale) are 
shown for different values of the age of the EPS model. 

The top panel refers to the data for the two windows that we placed on the two sides 
of the MCG-05-07-001 polar ring (labelled PR in Table O. The bottom panel shows the 
same but for the windows that we placed on the main body of the host galaxy (labelled 
HG in Table E]). In this case, the observational sources are embedded in the HI gas as 
shown in Fig. [T] Finally, in Fig. (TS] we show the difference between the theoretical and 
the observational luminosities. The legend has the same meaning as in Fig. 1141 The age 
derived for the best-fits is also indicated. 

The trend of the FUV and NUV fluxes in Fig. [H] for the PR data suggests the presence 
of a young stellar population (<1 Gyr), whereas the data for the remaining passbands from 
B to K„ seem to indicate the presence of a 2 Gyr population. Using a best-fit procedure. 
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are found the ages to be 0.23 Gyr and 2.31 Gyr in the spectral ranges, FUV and NUV, 
and from B to K„, respectively, for both PR data. On the other hand, the three SEDs 
obtained with apertures located on the HG are more accurately described by EPS models 
with ages in the range 2-9 Gyr. The best-fit to the three HG regions are consistent with 
this age interval, as shown in Fig. 1151 

Despite all of these uncertainties, these results are consistent with those obtained in 
Sect. 15.11 using simple SSPs: the MCG-05-07-001 colours can be reproduced by assuming 
a recent, active burst of star formation occurred in the PR superimposed on an older 
population of stars in the HG. The analysis carried out with SEDs seems to favour this 
possibility, already proposed in Sect. 15.11 with respect to the one presented in Fig. [T51 
where both the burst and the underlying population were young. Our analysis therefore 
suggests that a very recent burst of star formation has been triggered probably by a gas 
rich wet accretion event onto an underlying older stellar system. 

Finally, it is worth noting that even the best-fit to the SEDs does not give fully sat- 
isfactory results for all passbands and that the uncertainties are still large. We tried to 
vary some basic parameters of the model, such as the evaporation timescale of parental 
MCs, without substantially improving the results. The adopted geometry is probably too 
simple for a very irregular and complex system such as MCG-05-07-001, for which a proper 
treatment would require a more complicated description of the spatial distribution of dust 
and stellar sources. 



6. Summary and conclusions 

Systems of shells and polar rings in early-type galaxies are considered to be tracers of 
accretion and merger events. Their high frequency in low density environments suggests 
that these episodes could drive the secular evolution of at least a fraction of the early-type 
galaxy population. 

We have obtained the surface photometry of three early-type galaxies observed with 
GALEX: MCG-05-07-001, a well-known polar-ring galaxy, and NGC 1210 and NGC 5329, 
which both display shell systems. In the present study, only NGC 5329 belongs to a poor 
galaxy structure (WBL 472), the others being very isolated galaxies. NGC 1210 and MCG- 
05-07-001 have a large quantity of HI gas associated with their stellar body. 

Both the GALEX NUV and FUV images of MCG-05-07-001 and NGC 1210 detect 
complex tidal tails and debris structures. In the FUV, MCG-05-07-001 and NGC 1210 may 
be hardly classified as "classical" early- type galaxies from their morphology. In NGC 1210, 
inner shells are visible in the NUV image. The inner shell (labelled with "2" in Fig. [3]) 
probably has a different origin from the outer ones, as suggested by the tail-like structure 
that it has in the FUV i mage. A case of multiple accr etion has also been su ggested for the 



shell galaxy NGC 474 bv lRampazzo et all (|2006r) and lSikkema et al.l (|2007D . 

The polar ring of MCG-05-07-001 is clearly visible in data for both GALEX bands, while 
the host galaxy, from which the bulk of the emission in optical and near infrared originates 
is almost undetected. GALEX data of NGC 5329 show that the distribution/morphology of 
its NUV emission is comparable to that of the optical image, while FUV emission is evident 
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only in the central regions of the galaxy. This implies that the NUV emission originates 
in the same kind of stellar population. The FUV emission, which is more concentrated 
toward the nucleus, su ggests that different type of hot stars contribute to the flux (see also 



Rampazzo et al.ll200l1) . NGC 5329 does not show evidence of shells in the GALEX bands. 

We used optical and near-infrared images to build coherent pictures of stellar content 
in both the nuclear region and the outskirts of the galaxies as well as the region where 
fine structures are present. We investigate the capability of the combined far UV, optical, 
and NIR colours to provide information about the time at which the accretion/merging 
phenomenon occurred. Our models suggest that a very young (< 1 Gyr) stellar population 
is present in MCG-05-07-001: we cannot exclude the possibility of ongoing star formation 
in this galaxy. The nuclei of NGC 1210 and NGC 5329 also appear rejuvenated but the 
accretion episode that triggered these star formation episodes should be much older (2-4 
Gyrs). 

Furthermore, the age estimated for the polar ring is consistent with the stability 
timescales of the polar structure formed by the accretion scenario: a low inclined po lar 



rin g (i.e., nearly polar) may be observed after several Gyr (jBournaud fc Combesll2003l ) 



Van DokkumI (j2005r ) suggested that dry mergers, i.e. nearly dissipation-less or gas less 
mergers at low redshift, are responsible for much of the local bright field elliptical galaxy 
population. Oddly enough, about 50% of nearby early-type galax ies were found to con- 



tain detectable HI (see e.g.. ISchiminovichlboOll : ISerra et all 120071 ). MCG-05-07-001 and 



NGC 1210 are examples of wet mergers: they are dynamically young objects according to 
their irregular HI gas spatial distribution and young stellar population. GALEX images 
display unambiguously the strong morphological connection between the far UV and the 
HI distribution shedding light on the secular evolution of early-type galaxies and the final 
fate of the accreted gas. The presence of a young stellar population is then connected to 
the recent accretion and the refuelling of fresh gas to an otherwise old galaxy, rejuvenating 
its star formation. 
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Fig. 1. Full resolution, 5'x 5'wide, FUV (left panels) and GALEX NUV (right panels) 
background-subtracted images (counts px^^ s^^) of the three galaxies. The scale bar is 
derived from adopted distances provided in Table [TJ 
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Fig. 2. GALEX UV images in a 5'x5' field around MCG-05-07-001. Top panels: NUV 
and FUV images obtained with ASMOOTH for Tmin — 5 and r,„i„ =3, respectively. The 
insert on the FUV image indicates the field of view of the B images. Bottom panels: 
B-band image {left) an d B-band residuals w ith respect to the 2D model {middle), K-band 
image {right) (see also llodice et al.l l2Q02al ). In the K-band image, the polar ring is not 



visible, whereas in the B-band and in the FUV and NUV bands the ring is the prominent 
feature. In the B-band residuals, darker colours correspond to regions where the galaxy is 
brighter than the model. 
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Fig. 4. Top pan el: MCG-05-07-001 V LA B-HC array 32'.'1 x 15'.'2 resolution HI observa- 
tions performed bv lSchiminovichl (j200l[ ) overlaid on the FUV image. The HI emission over- 
lays the polar ring and the system of debris visible in the FU V image. Bottom panel : NGC 
1210. VLA C+D array 52"x36"resolution observations fsee lSchiminovich et al. I boOlL Part 
of the HI ring of NGC 1210 is delineated by strong FUV emission. The polar ring in MCG- 
05-07-001, and the northwest part of the HI ring in NGC 1210 have blue (FUV - NUV) 
colours suggesting very recent star formation. 
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Fig. 5. GALEX UV images in a 5'x 5' field around NGC 5329. Top and mid panels: 

NUV smoothed image and FUV image obtained with ASMOOTH for Tmin =3, respectively. 
Bottom panel: SDSS r image in 4'x 4'. The faint galaxy 2MASX J13521155+0218545 is 
physically associated with NGC 5329. 
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Fig. 6. Top panel: GALEX UV, B and K band (jlodice et all l2002bl ) surface bright- 
ness of MCG-05-07-001. Mid panel: GALEX NUV and FUV surface brightness of NGC 
1210. Bottom panel: GALEX\]\ and SDSS u-g-r-i-z bands surface brightness profiles of 
NGC 5329. The vertical dashed hue at 5" indicates the approximate FWHM of the GALEX 
point spread function. The horizontal line indicates the nominal UV surface brightness 
limit. 
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Fig. 7. Top panel: UV, B and K light profiles along the major axis of MCG-05-07-001 
(P.A.=22°). The average uncertainty is 0.05 and 0.04 for B and K bands respectively. 
Bottom panel: colours profiles along the MCG-05-07-001 major axis. The triangles 
indicate the FUV-B and FUV-K colours; the squares show the NUV-B and NUV-K colours. 
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Fig. 8. Comparison of the theoretical relation Mg2 versus GALEX FUV (left) and NUV 
(right) - optical colours with observations. Dust-free SSPs of different age and metallicity 
are used. The loci of consta nt age and metallicity are shown as indicated. The data are 
from lRampazzo et al.l (|2007r ). 
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Fig. 9. GALEX (FUV - NUV) c olours, within an aperture of re/8 radius, versus H/3 of the 
sample of lRampazzo et alj (|2007l) and of NGC 1210 (red bullet). We also show the evolution 
of a SSP as a function of time (solid red line along which the arrow labelled age is drawn) . 
The age increases as indicated by the arrow and a few values of the age in Gyr are marked. 
The position of a 10 Gyr old galaxy of solar chemical composition is indicated by the 
large star located in the top left part of the plot. A burst of star formation, superimposed 
on such old stellar component, produces the "closed paths" traced in the plot by dotted, 
longdashed, short-dashed, and solid lines according to the percentage of the mass involved 
in the burst and of the different metallicity in the newly born stars. The path starts from 
the empty stars at the top left, performs an extended loop, and goes back to a new position 
very close to the initial one. Several values of the age since the beginning of the burst are 
indicated. The true age of the composite SSP is 10 + Thirst Gyr. Four combinations of 
the metallicity Z and the percentage of star mass in the burst are considered as shown 
by the insert. Indeed a burst of activity can deeply change the UV colour and the Hfi 
index of an underlying old population. Notice that the H/3 value was not corrected for 
emission-line infilling: the correction for the presence of an emission component within the 
absorption line would move the H/3 line-strength indices toward higher values (right side of 
the plot) toward the locatio n of NGC 2865. The M g2 and H/3 line-strength indices values 

( 20001) ■ 



of NGC 1210 are taken from 



Longhetti et al 
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Fig. 10. The effect of dust on SSPs colours. The shaded bands represent the colours of 
NGC 1210, MCG-05-07-001 and NGC 5329. Top panel: Evolution of the (FUV - V), (H 
- K) and (FUV - NUV) colours for "classica l" , dust-free SSPs (thick line) and dusty SSPs 
(thin line with ry = 35 (jPiovan et al.ll2006al )) both shown for three different metallicities: 
Z=0.008, 0.019 (solar), and 0.04 (solid, dotted, and dashed lines, respectively). Bottom 
panel: the same but for the GALEX (FUV - NUV) colour. The arrows, in the top and 
bottom panels, indicate the "uncertainty" in the age estimate passing dusty to dust-free 
SSPs at given colours. 
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Fig. 11. Comparison between theoretical colour-colour relations and GALEX, optical, and 
NIR measurements. We plot the GALEX (FUV - NUV) vs. (J - K^) theoretical relations 
for different metallicities. The loci of constant age are shown for a few selected age val- 
ues. No recent bursts are considered. The data for the central regions of NGC 5329 and 
NGC 1210 suggest that both galaxies probably experienced a recent rejuvenation of their 
stellar populations. 
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Fig. 12. Evolution of the (H - K) and GALEX (FUV - NUV) colours when a burst of 
star formation is superimposed on the passive evolution of a classical (dust-free) SSP. The 
observed colours of NGC 1210, NGC 5329, and MCG-05-07-001 in the host galaxy (HGs) 
and in the polar ring (PRs) are shown. The burst of star formation involves a certain 



36 Marino et al.: GALEX UV of MCG-05-07-001, NGC 1210, and NGC 5329 



5,0 



4.0 



1 1 1 1 1 

- 


1 1 1 1 1 


Z = O.OOB 

Z = 0.019 

Z = 0.040 




'}. 0.7Gyr 




■ ■-. \ 

: * -V, 


/\ • • 




1 

" i 


X — •■ ■■* 

, 1 . . , 


^ 0,5Gyr 

i i 1 . , . ~ 



-0.4 -0.2 0.0 0.2 0.4 0.6 0.8 1.0 




(H-KJ, 



Fig. 13. Comparison between theoretical colour-colour relations and GALEX, optical, and 
NIR measurements. We plot the effect of a recent burst of star formation involving 70% 
(upper panel) or 30% (lower panel) of the stellar population. SSPs with self-contamination 
by dust are considered. The data for the eastern and western regions of the MCG-05-07- 
OOlring (PRiy and PRb) and the northern, central, and southern regions of the host galaxy 
(HGat, HGc, HGs) are shown. The colours of the ring and host galaxy are indicative the 
presence of a very young stellar population. 
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Fig. 14. Dusty EPS galaxy models of different ages are superimposed on the SED of MCG- 
05-07-001 for which six observational measurements from the far-UV to the near IR are 
available. Top panel: Comparison between the theoretical spectra up to the age of 2 Gyr 
and the aperture magnitudes of the east and west sides of the polar ring. Bottom panel: 
Comparison between the theoretical spectra in the range 2-13 Gyr and the aperture 
magnitudes derived on the northern, central and southern regions of the body of the host 
galaxy along the major axis (see the text for details). 
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Fig. 15. Residuals between the dusty EPS galaxy models and observational data for the six 
observational data available for MCG-05-07-001, from the far-UV to the near IR. Only the 
best-fit models are presented together with the derived age. Top panel: Residuals between 
the theoretical SED and the aperture magnitudes of the eastern (PR-E) and western part 
(PE-W) of the polar ring. Bottom panel: Residuals between the theoretical SED and 
the aperture magnitudes of the northern (HG-N), central (HG-C), and southern (HG-S) 
regions of the body of the host galaxy along the major axis. 



